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MAGNETO-OPTIC MATERIALS FOR BIASING
RING LASER GYROS — REPORT NO. 3
(COMPUTER MODEL FOR EVALUATING SCATTERING

FROM MULTI-LAYER DIELECTRIC THIN FILM STRUCTURES
CONTAINING A MAGNETIC LAYER)

I. INTRODUCTION AND OVERVIEW

The counterpropagating beams in a ring laser can be employed to sense physical rotation and
hence form the basis for a ring laser gyroscope (RLG) [1]. Via the Sagnac effect, the two similar coun-
terpropagating beams oscillate at slightly different frequencies with the difference frequency Av given

by
Av = 44Q/L\ 1)

where A is the enclosed area and L the optical length of the RLG, 0 is the rotation rate and A, the
laser optical wavelength. When ) becomes too small the two beams can lock at a common frequency
with consequent loss of rate information. This lock-in problem arises from optical backscatter which

couples the beams. As a result, it is important to keep the optical path as free of additional elements as

possible.

Because of their non-reciprocal propagation properties, magneto-optical (M—O) elements can
introduce a controilable frequency difference or magnetic bias Av, and thus avoid the lock-in problem
in an elegant manner. The magneto-optical effects which are linear in the magnetization of the material
and hence are useful for this application are: (1) the Faraday effect in transmission and (2) the mag-
netic Kerr effect in reflection. The Kerr effect has three subcases: transverse, polar and longitudinai,
depending on how the magnetization is aligned with respect to the plane of the sample and the plane of
incidence of the light beams. These M—O effects are discussed in Report No. 1 [2] of this series where
it is shown that they each introduce a differential phase shift A® between properly chosen, similar

counterpropagating beams. The magnetic bias induced is given by (1]
Manuscript submitted August 25, 1980.
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Av, = (Ad/27)c/L (2)

where A® is in radians and c is the velocity of light. A review article on the applications of magneto-
optics in ring laser gyroscopes has recently been prepared [3] and provides a concise unified treatment

of the subject.

It is advantageous to use the Kerr M—O effects for achieving magnetic bias because then the

M—0 element can be used as one of the mirrors which define the RLG cavity. This means that it is
not necessary to place any additional elements in the beam as would be the case if one used the Faraday

effect. As a result the problems related with scattering from extra surfaces are eliminated.

The reflectivity of tvpical magnetic metal films is only in the range 0.4-0.7 for the He-Ne
wavelengths 0.63 um and 1.15 um used in RLGs. These low reflectivities are inconsistent with the
optical loss requirements of RLGs (<5% at 1.15 um and <1-2% at 0.63 uwm) and with the capabilities
of multilayer dielectric (MLD) mirrors which have total optical losses of only 0.02% for laser quality
mirrors. In order to reduce the loss associated with the M—O mirror one can overcoat the opaque

metallic magnetic layer with an MLD stack which is tuned to be highly reflecting at the wavelength and

~angle of incidence used. Similarly, if a transparent magnetic material is used. it can be incorporated

into an MLD stack. again to achieve adequate reflectivity. RLG mirrors based on both opaque metallic

and transparent garnet magnetic films have been discussed by workers at Sperry [4.,5).

The above considerations indicate that it is highly desirable to have a unified method of evaluating
the important optical and magneto-optical parameters which characterize a given multilayer magnetic-
dielectric thin film composite. A computer model which permits various RLG M—0 multilayer mirrors
to be evaluated and compared quantitatively would be a very useful design tool. With this goal in mind
we have produced such a computer model whose characteristics. structure. and details are set forth in

the bulk of this report.
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In Chapter II the mathematical basis of the method, which is the scattering matrix approach
deveioped by Hunt [6] for muitilayer optical structures containing a single magnetic layer, is described.
Chapter III shows how these ideas have been incorporated into a computer model (program) which can
caicuiate the differential phase shift, the total reflectivity, the differential reflectivity (for similar coun-
terpropagating beams), and the mode mixing, if any, for a general muitilayer structure. All three Kerr
effects (transverse, polar and longitudinal) can be handled easily by the model which also takes into
account Faraday rotation in the magnetic layer. In Chapter IV, results from calculations on several typ-
ical structures which might be used as magnetic bias mirrors in RLG applications are illustrated.

Finally, the Fortran listings of the main program and its subroutines are given in the Appendix.

The calculations given in Chapter IV indicate the superiority of mirrors based on 'magnetic garnets
to those based on transition metals such as iron. They also show, however, that MnBi polar Kerr mir- -
rors are a viable alternative to the garnet mirrors. It appears likely that the choice will depend on the

cost and reproducibility factors in the fabrication of garnet or MnBi mirrors.

Readers may obtain Fortran versions of the computer program on their flexible disc media by con-

tacting one of the authors at the Naval Research Laboratory, phone number (202)-767-3603.
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KREBS AND MAISCH
II. MATHEMATICAL BASIS FOR THE MODEL

A general method of calculation is required if one is to handle a wide variety of multilayer dielec-
tric structures which contain a layer having magneto-optical properties. Fortunately, general scattering
matrix methods for evaluating the magneto-optic scattering from such structures were developed in the
late 1960°s by Smith [7] and Hunt. [6] Our embodiment of the scattering matrix techniques into a com-
puter program possessing a high degree of generality is based on Hunt's methods. In this chapter we
first outline the method in enough detail to make our computer program understandable and note an
error in Hunt’s paper which is corrected in the program used here. That error, in the transverse Kerr
Fresnel coefficients 7,, and 1,,, was pointed out to us by R.E. McClure and the correct derivation can be
found in his recent paper [8]. Finally, we write out explicit expressions for the differential phase shift,
reflectivity, differential reflectivity, and mode mixing for ring laser gyro A/—O mirrors using each of the

three Kerr effects.

In Fig. 1 a general thin film structure is shown. It consists of L layers each having a specified
thickness d, and index of refraction n,. There is a single magnetic layer characterized by' dy, ny and
the magneto-optical coefficient Q. Note that ny, and Q are complex quantities while the other parame-

ters are real.

Let E;* be the total electric vector of a right propagating p-polarized beam at tﬁe k interface, in
the k — 1 medium. Similarly, £ is the total electric vector of a left propagating s-polarized bedm at
the k interface in the K — 1 medium. Note that the k interface separates medium & ~ 1 from medium
k. Then the 4 x 4 scattering matrix (S*) which describes the effect of interface kand propagation in

the & medium obeys the foliowing equation [6].

Ep—.k Ep—.k+l
Es-'k E,—'k“
Ep+'k - (sk) Ep+'k+| . (3)
E;.k Es+.k+l
4
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Hunt (6] shows if the kK medium has magneto-optical properties then the front-surface scattering

matrix (S™) is given by

[ = FX(D-FIT, (T

(5% = (-7t T, (-1t @

where r*, 7, t* and ¢* are 2 x 2 matrices of Fresnel coefficients. The Fresnel matrices are defined by

k k =k =k

Top Tps I L

re| . . r=l_. (s)
rk Lk Ty T
L p 'ss

where the Fresnel reflection coefficients at the k interface are r,’,‘ for an incident beam propagating in the
dielectric toward the magnetic medium and are ‘r',f for an incident beam propagating in the magnetic
medium toward the dielectric. Note that p and s refer to the plane of polarization [see Report No. 1,
Fig. 2 and Eq. (II-6)] [2]. The ¢* and r* matrices contain the corresponding transmission Fresnel

coefficients.

In Eq. (2) T, is a propagation matrix which describes the normal phase retardation and the Fara-
day effect for a wave (E*, E*) propagating through medium k of thickness d;. Hunt, based on the

work of Robinson, [9] shows that T, has the form [6]

6 cos¢, siny,
Te=e " | sin W, COS Ui, ®)
where
&, = 2w nid, cos Gk/k 7

and ¢, depends on the magneto-optical effect (transverse, longitudinal or polar) with which we are
dealing and can be found in Table II. The angle between the beam direction in medium k and the k™"
interface normal is 8,. Note that T, is the same for waves propagating in the right and left directions.
When the last layer L is opaque, or is of indefinite (but large) thickness, or if propagation effect for this
layer are otherwise not important, one can set 4, = 0. This converts T; into a unit matrix and elim-
inates the propagation effects while keeping the interface effects. Since n, = n, is complex, so is &,
(plus 0, and ¥ ;). This takes into account optical absorption in the magnetic rqedium.

5
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The Fresnel coefficients for a M—~0O material in each of the M—0 modes are derived by Hunt and

we give these expressions for rf, 7%, tf and ¢} and ¢, in Tables I and II. As can be seen, the Fresnel

coefficients for the k interface involve n,_|, n., 9,_,, 9, and Q. We point out that all off-diagonal com-

ponents of r*, 7*, ¢* and r* are proportional to Q (or all vanish for the transverse mode). Since |Q|

< < 1, one can neglect second order terms in Q. This means, for example, that

Lo s 1Vt =t/ t,,]

-
—toltpts 1ty

() 1= l

by Uy
where we have suppressed the superscript k.

Table L. Single-Interface Diagonal Fresnel Coefficients

Longitudinal
Element and Polar Transverse
nyCy = M€y nzcl(l + iQS;/Cz) - mc;
Tor ncy + mce; nyc (1 + iQso/¢y) + njc;
n16p = 1202 nicy — nac;
s nicy + nme, nce) + nyey
Ip (ny/n) (1 + ry) | (m/n) (1 + 1)
b 1+ rg 1+ rg
- ; nycy — mcy(l + iQs4/ ¢3)
Tor bp nycy + nycy(1 — iQsyf cy)
Tes s —Fss
7,, (nfn) (A = ry) | (nfn)) (A +7,)
Iy 1—rg 1=-rg
b 2mwdynicyf/\ 2mdynycyf A

m. ny — refractive indices of the dielectric and magnetic media, respéc-
tively.

¢y, ¢ — direction cosines for the angle of refraction in the dielectric and
magnetic media, respectively.

5y — sine of the refraction angle in the magnetic medium.

6
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TABLE II. Single-Interface Off-Diagonal Fresnel Coefficients

Element

Polar

Longitudinal

'41.— Qt”ln.h/ (6152)

Iy

Tsp

(n/ny)rp(1 = 2¢i¢9/ 1)
= TopTspl typ
= Feglpsl sy
= opTspl tpp
—FogTpsl lss

ﬂdzﬂzQ/A

;' Qtyptissi/ (c12)

-ry
Tsp

(ny/ n)rys(1 + 2¢yco/ 1)
~oolspl tp

"I’,,tp,/t,,

—loplspl top

—FysTpsl lss

‘ﬂ’dz"zQ(Sz/Cz)/h

my, ny — refractive indices of the dielectric and magnetic media respec-

tively.

¢y, ¢3(sy, $7) — cosine (sine) of the refraction angle in the dielectric and
magnetic media, respectively.

One can now write out explicit expressions for (S™) oiars (") 10ng and (S™),4ns and these are given
in Tables III and IV. Note that (S*),,, and (S*),,,, have the same form while (S*)ans is simpler
because of the lack of mode mixing in the transverse mode. In Table III, terms of the form Q sin ¢,
have been neglected as being of order Q2. Although this approximation could be invalid for a thick

transparent M~ O slab, we anticipate that ¢, << 1 for practical ring laser gyro applications and hence

the approximation is valid.
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TABLE II1. Front Surface Magneto-Optical Scattering Matrix — Polar and Longitudinal Kerr Effects

3 dc/t,  Ps/, rop €/ (1,,®) (typrps = tosrap)c/ (i) — r,,,,s/t,,,,]/d-;
=®s/ty  Oc/ty  (rpe + rglyys) Gyt D) rec/ (1®)
(§M) = o
Srypc/ty Prys/iy ¢/ (1,,®) = (s + 155)/ (1,1, ®P)
=®rgs/ty Oreclts (s = 15,0)/ (1 D) ¢/ (1x®)

Pme® cmcosy, s=sind
The superscript &k (=M) has been dropped on the Fresnel coefficients as well as on ¢ and «.

TABLE IV. Front Surface Magneto-Optical Scattering Matrix — Transverse Kerr Effect

(oplop = ToTop)®l 0 1ol (1, ®) 0
0 o/t 0 rof (1,®)

SN=1 200 0 Viy® 0
0 res®/ 1 0 1/ (159)

®=c®
The superscript k (=M) has been dropped on the Fresnel coefficient as well as on &.

In order to obtain the back-surface scattering matrix (S¥*!), one must reverse the roles of r* and

t* with respect to 7 and r*. Furthermore, because of the orientation of the magnetization vector with

respect to the front and back surface normals, we must make the substitutions

r(Q) —=7(-Q), T(Q)—r(—Q)
1(Q) = 1(~Q), Q) — 1(=Q)
for the polar and transverse cases. For the longitudinal case this sign reversal does not occur and we

have

r(Q) — 7(Q), erc.
Upon making these substitutions in Tables III and IV we get the back-surface results shown in Tables V

and VL

7 P T PRI TR o)

————
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TABLE V. Back Surface Magneto-Optical Scattering Matrix — Polar and Longitudinal Kerr Effects

- - -

: ®/1,, =G D7,/ (Agslp) Topl (1,,®) ~G T ppl (A 1,y ®)
' —GO1/ (B pls) ®/ 1 =G Tt/ Byl ®) Tiol (15®)
( SM+I) -
&7,/ 1,p Gdr,/ (Agtp) 1/ (1,,®) G Toslps/ (Ags 1, ®)
1 Gdr,/(Apt) BT/ s G Topripl (A ppts®) I/ (ts®) )
O =t

The superscript k(=A+1) has been dropped on the Fresnel coefficients and ¢.
Ag=1=-(F)% Ay =1-(F,)?

Tm Uty =Furyp)e  Topm Uyl —=Topls)

G = +1 (Polar), G = —1 (Longitudinal)

TABLE VI. Back Surface Magneto-Optical Scattering Matrix — Transverse Kerr Effect

?
t A - _ - _ - !
: (1 (= Q) 1, (=Q) = 1, (= Q)T7,, (= Q) P/ 1,,(—Q) 0 7,—0),(-0)) 0 i
0 /1, 0 Tl (1 D) ’
(SM*1) = ' ‘L
R — 1y (~Q)/1,,(=Q) 0 1/ (1, (~Q)®] 0 !
. 0 Fu®/ 1 0 1/ (1,®) ;
, | - b
.7 ¢ = ei® :
; The superscript k (= M+1) has been dropped on the Fresnel coefficients and ¢.
i
" . Finally, we note that if we are dealing with an interface at which both media are nonmagnetic
i ‘ ) dielectrics, then Eq. (5) reduces to the simple form
X K/ 1k 0 rk/hen 0
o
i 0 oK/ 1k 0 rk/ (tkd®)
,
y ($%e =) okt 0 Y@heH 0 ®
N 0 d&k/ek 0 1/ (t® ]

where ®* = ¢"** and the Fresnel coefficients can be obtained from Table I with Q=0

9
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The overall scattering matrix for the general multilayer magnetic-dielectric thin-film structure

shown in Fig. 1 is then
(8) = ($(SY) - (SM(SM*)) - (SL-N(SH (10)

in which all but (S™) and (SM*!) are dielectric-dielectric matrices of the form Eq. (7). Thus we have

E;' 0 EP—.L
E° E;t
Ep+'0 - (S) E;"L . (ll)
E,+.0 E,+‘L

The scattering matrix (S) contains all the desired information about the optical and magneto-optical
properties of the multilayer structure. One can obtain the Fresnel reflection and transmission
coefficients for the entire stack as well as the Kerr rotations K, and K, and Faraday rotations F, and F,.
(All of these quantities, like the components of (S), are in general complex numbers.) The equations
which relate these stack Fresnel and rotation parameters to the components of (S) are derived by Hunt

(6] and are summarized in Table VIIL.

TABLE VII. Fresnel Coefficients for Entire Stack
Rpp - (S«Sl_; - SMSQ)/ (SJJS“ - S34S43)

Ry = (513534 — 524533)/ (534543 — S3354)
Ry = (534513 — S14533)/ (834543 — S33544)
Ry = (82354 — S24543)/(S33544 — S34543)
tan K, = Ry/R, tan K, = Roy/Ry .

Sad/ (S33544 — §34543)
833/ (833544 — S34543) -

é‘l
]

g’
[

=534/ (83384 — S34543)
=543/ (S3354 — S34543)

g
'

B
on
]

To/Typ tanF, = T, /T,
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The ring laser gyro supports counterpropagating models of the same polarization(s). The desired
optical and magneto-optical characteristics of a magnetic-dielectric multilayer structure are: 1) the
differential phase shift A® between similar counterpropagating beams, 2) the reflectivity R of the stack
for these beams, 3) the differential reflectivity AR, 4) the figure of merit FM = A®/(1 — R), and 5)
the mode mixing ¢ = ratio of the improper to the desired polarization amplitudes. Since the p and s
polarizations are eigenmodes in the transverse case, € = 0 for transverse M—O Kerr mirrors. We now

consider each of the M— O cases in turn.
A. Transverse Kerr Effect

1) Differential Phase shift

Ad; =ArglES(Q)) — ArglE; (-Q))
= Arg{R,,(Q)} — Arg{R,,(-Q)) (12)

where Arg{X} means the argument of the complex quantity X and the R, are the reflection Fresnel
coefficients for the entire stack (obtained from the S, via Table VII). We have used the fact that the

magnetization (and Q) looks reversed to the two counterpropagating p-polarized beams.

2) Reflectivity

IR, @) = -;-ux,,,mnz + R, (=)} (13)

3) Differential Reflectivity

ARr = (IR, (@)1 = [R,, (= Q) I¥1R,, (0) |2 (14)
The calculation of FM7 is obvious and ey = 0.

B. Polar Kerr Effect

It is more natural to deal with circularly polarized beams in this case so we use the circular

Fresnel coefficients for the stack, viz. Rgg, Ry, Rep and Rpy. It is easy to show that these can be

expressed in terms of the R,,, etc. as follows.
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Rip Ru|™ 7 |(Ry = Ry = iRy = iRy)  (Ry + Ry + iRy — iRy)| (15
Since R, = —R,, and R,, = R,,, we see that |Rpgl, IR ] << |Rgel, |R.g], i.e.. for the most part

[RR,. RRLI | [(R,, + Ry = iR, + iRy) (R, = Ry + iR, + iR,)

R =~ L and L — R upon reflection. However, since Rgg and R;; # 0, there is mode mixing and

induced ellipticity.

1) Differential Phase shift

AQP = A’g{Ei}L‘in - A’g(EE}R’m
= Arg{Rp;) ~ Arg{R.z) (16)

2) Reflectivity

IRRL(O)lz - IRLR(O)P
= + IR, () - RO an

3) Differential Reflectivity

AR, = (IR 1% = |Rg. 1))/ | Rey (0) |2 (18)

4) Mode Mixing
€pp = |RRR/RLRI (198)
€py = |RLL/RRL|- (19b)

A ring laser gyro using a polar Kerr effect M—O mirror must have an even number of mirrors in

the optical path. It then will support two pairs of counterpropagating beams, one pair right and one pair

left circularly polarized (as referenced to a fixed point in one arm of the laser). The differential phase

shifts for the RCP and LCP pairs are equal and opposite.
C. Longitudinal Kerr Effect

We have carried out a Jones matrix analysis of longitudinal M—O Kerr effect mirrors in a ring

laser gyro system. This analysis indicates that for a three (or other odd number) mirror laser the

12
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differential phase shift would depend on Q? rather than Q so that such a case would not be usefui.
However, in a four (or other even) mirror system there are differential phase shifts linearly dependent
on Q. The approximate normal modes of such a system are orthogonal linearly polarized beams of the

form
E,=E +E, Ey=~E-E

where the E; is the eiectric vector. The longitudinal analysis below is therefore cast in terms of £, and
Ep. The Fresnel coefficients are then
Riu Rip] | [Rp+Rs+Ru+Ry)  (Ry— Ry— Ry + R,)
=3 |(R, - R+ R,,—R,)  (Rp+Ry— R, — R,)|" (20

Again, since R, = — R,, and R,, = ~ R,,, we get {Rypl, [Rpsl >> IR, [Rppl and hence the

Rps Rpp

polarization essentially switches 4 — D and D — A at each mirror.

1) Differential Phase Shift
Ad; = Arg{R,p) — Arg{Rp4) 1)
2) Reflectivity

IR @12 = |Rp (@12
- 1R, @ - R,OF @2)

3) Differential Reflectivity

AR, = (IRp|2 = |Rp41D/|R4p(0) |2 (23)

4) Mode Mixing
€14 = |Ru/Rpal . (24a)
€.p= |Rpp/Rypl. (24b)

The computer program is set up to actually carry out the calculations sketched above, keeping
track of which mode (transverse, polar or longitudinal) is being used and hence selecting the correct

equations to evaluate the desired quantities.

13
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III. THE COMPUTER MODEL

The basic calculation which the computer model must make is to determine the 4 x 4 scattering
matrix (S) for a multilayer magnetic-dielectric siructure of the type shown in Fig. 1. As shown by Eq.
(10) in the last chapter, this means one must evaluate the scattering matrices (S*) for each interface-
layer and perform the indicated matrix mutliplication. Based on (S) one can calculate R,,, R,,, R, and
R,, for the entire M—O structure. These are sufficient to evaluate the differential phase shift,
reflectivity, differential reflectivity and mode mixing, as well as the figure of merit, for any of the three

M—0 modes which might be used in a ring laser gyro magneto-optical mirror.

The simplest form of a flow diagram representing the computer model set up in this report is
shown in Fig. 2. This carries out the calculation outlined in the last paragraph and serves to introduce
the subroutines MOIN, MODIEL, MOMPL, MOMT, MOOUT and MOPLOT. We adopted a philoso-
phy of breaking the main program MOFILM into a series of subroutines witl; the knowledge that
different users would have different computer facilities which might require changes in MOIN, MOOUT
and MOPLOT. Also users might wish to modify the calculation to suit their own special application.

Such changes are simplified by the modular approach used here.

The actual structure of MOFILM is somewhat more complex than indicated in Fig. 2. This is due
to two factors. The first is the need for the program to handle each of the three Kerr magneto-optical
effects. For the transverse case MOFILM uses the subroutine MOMT when calculating the front and
back surface scattering matrices for the magnetic layer. Both the polar and longitudinal cases, due to
their formal similarity, are covered by MOMPL. Hence additional branching decision points are needed

to distinguish which case is being handled and to direct the program to perform the proper calculation.

The second factor is related to the fact, that as shown in Fig. 2, MOFILM would make a single
calculation of A®, R, AR, etc. for a fixed set of input constants. For design purposes, however, it is

useful to see how these (or other) parameters vary as a function of changes in the input parameters.

14
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As a result, we have set up MOFILM to permit easy variation of anyone of the following parameters: a)
the thickness of the magnetic layer, b) the thickness of the dielectric layer immediately before or after
the magnetic layer, or ¢) the angle of incidence. Hence, suitable DO loops are superimposed on the

structure shown in Fig. 2.

Note that for calculations in which the thickness of one film is varied all but one of the scattering
matrices remain the same. Hence when such a case is run the program stores the product scattering
matrices for those parts of the multilayer structure before and after the varied layer. This saves consid-

erable running time in determining the effect of such a thickness variation.

We now discuss the main program and the subroutines in greater detail. Program MOFILM car-
ries out the expanded version of Fig. 2 outlined above. Consistent with the ideas given earlier, the
MOFILM main program is mainly a logical skeleton which directs the use of suitable subroutines to
make the actual calculations. Because of its heavily logical nature, particular care should be exercised
in making alternations in the main program. To aid in any such aiternations, the main program has
extensive COMMENT statements to clearly define the functions being carried out. At NRL MOFILM
is run on a PDP-11 computer in an interactive mode. Hence many of the TYPE statements in
MOFILM are operator promptings and should be treated as additional COMMENT information. A

print-out of MOFILM is given in the Appendix as are printouts of the subroutines used.

MOIN (NN) - This subroutine accepts all the needed input parameters and initializes the pro-

gram, i.c., selects what M—O mode is being used and what parameters (if any) are to be varied.

The inputs and their functions are:

N(1) — ambient index of refraction.

NF = aumber of layers in structure, including the substrate,
NF = ( used for program escape.

MO — layer number of magnetic layer.

15
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LAMBDA -  wavelength in microns.

(N, K) - complex index of refraction n — ik of the magnetic layer. JF
Q. Q) —  complex magneto-optical coefficient Q| — iQ; of the magnetic layer. '
N(D) — real index of the &h layers, I = 1, ..., NF.

D — thickness of &th layer in microns, / = 1, ..., NF. It i$ not necessary

to insert thickness values for those layers which have a
phase thickness of #/2 (i.e., d = A/4n cos 8)
since the program automatically assumes this. If other fixed

thicknesses for various layers are desired, they can be entered.

THETA — initial angle of incidence, in degrees.
NTH -~ number of THETA values.
_DTH — increment in THETA, degrees.
L — layer number of layer whose thickness is to be varied.
MTH — number of L-layer thicknesses.
DELMD —  increment in L-layer thickness, microns
NOUT — output control

NOUT = 1 printed output
NOUT = 2 graphic output

NOUT = 3 both outputs

NOUT = 0 return to beginning of input

NLTP —  controls which Kerr effect used
NLTP = —~1 longitudinal
NLTP = 0 transverse
NLTP = 1 polar

16
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NN — input control

NN = 0 initial input

NN = | additional polarizations

This subroutine also calculates the sine and cosine of the angle of incidence in each layer including the

compiex values in the magnetic layer.

MODIEL(J,DJ) — This subroutine calculates the dielectric-dielectric scattering matrix shown in Eq. (9)

and reports it back to the main program.

J — interface number

DJ — thickness of Jth layer = D(J),in microns.

MOMPL (M, NPL, MD, D) — This subroutine calculates the magnetic-dielectric scattering matrix for

; ) the longitudinal or polar case and reports it back to the main program. The equations used are shown
i

in Tables I, II, Il and V.

NPL — control variable M — magnetic layer number
NPL = +1 polar MD - specifies front or back surface calculation
: NPL = -] logitudinal MD = M-1 front surface

MD = M + | back surface

D - thickness of second layer, microns.

MOMT (M, MD, D) — This subroutine calculates the magnetic-dielectric scattering matrix for the

transverse case and reports it back to the main program. The equations used are shown in Table I, IV

and VL

o e " O 3 A P W et - o | A T

-

M,MD,D = defined in MOMPL earlier

MOOUT (NENT, IN) -~ This subroutine caiculates the multilayer Fresnel coeflicients R,,. Ry, Ry

T R S RSN

and R,, as well as A®,, R,, AR, ¢, and the figure of merit based on the scattering matrix for the full

17
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stack. MOOUT also outputs the desired data with the necessary labels in either a printed or a plotted
format or both. To perform plotting MOOUT calls on MOPLOT. MOOUT makes use of the equations

in Table VII as well as Eqs. (10) to (12), Eqs. (13) to (17) or Eqs. (18)-(22) as appropriate.
NENT -  controls entry point in MOOUT

IN —  keeps track of sign of Q.

MOPLOT (NLTP, MTH, NO, LM1, DELMD) - This subroutine produces suitable plots of the vari-
ation of output parameters such as differential phase shift, total reflectivity, differential reflectivity,
mode mixing and figure of merit as a function of the thickness of the magnetic layer or of nearby "tun-
ing" layers. It will also plot output as a function of the initial angle of incidence. Since this subroutine
makes use of local plotting subroutines which often vary from one facility to another, it will probably
require modifications or complete revision in order to operate at another facility. The subroutine listing

is given in the Appendix, however, to illustrate the functions needed.

NO — control variable NLTP, MTH, DELMD - defined earlier in MOIN
NO = 2 angie varied LM1 - control variable for graph captioning
NO = 1 thickness varied LM1 = 0 layer just before magnetic layer varied

LM! = 1 magnetic layer varied

LM1 = 3 layer just after magnetic layer varied

Certain mathematical subroutines used in MOFILM are contained in our local matrix library and
may not be available at other facilities. We define their functions here. It may be desireable to substi-

tute local variants for these.

CSCLA (SD, X, 4, 4, 0) — sets each element in the complex 4 x 4 matrix SD equal to the complex

number X.

CDCLA (SD, X, 4, 0) — sets each diagonal element in complex 4 X 4 matrix SD equal to the complex

number X.

18
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CMCPY (R, S, 4, 4, 0) — carries out the functions S; = R for each element of the 4 X 4 complex

matrices S and R i.e., it copies R into S.

CMPRD (R, S, T, 4, 4,0, 0, 4) — carries out the matrix product T = R x S for the 4 x 4 complex

matrices R, Sand T.

This completes our discussion of the details of program MOFILM. The printout of the main pro-
grams and each of the subroutines MOIN, MbDlEL, MOMPL, MOMT, MOOUT and MOPLOT are
located in the Appendix. The above discussion in conjunction with the COMMENT statements and
some of the TYPE statemen's in MOFILM and its subroutines should make the operation of the pro-
gram fairly straightforward. However, this chapter should be read carefully in conjunction with the

Appendix to avoid the common GIGO syndrome.
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IV. TYPICAL MULTILAYER CALCULATIONS

To illustrate the capabilities of program MOFILM, in this chapter we carry out a number of calcu-
lations of the magneto-optical and optical characteristics of several magnetic-dielectric multilayer thin
film structures. In particular, typical structures of the type which might be used as magnetic bias mir-
rors in ring laser gyros are emphasized. The results of the calculations show the usefulness of the pro-

gram as a design tool for comparing various mirror designs or optimizing the parameters of a given

design.

Typical structures which might be used for an RLG magnetic mirror are:
A. An opaque magnetic metal film overcoated with a multilayer dielectric (MLD) stack.
B. A ransparent non-metallic magnetic film, such as a garnet, on top of an MLD stack.
C. A partially transparent (very thin) magnetic metal film on top of an MLD stack.

We also discuss how the figure of merit FM, which we define as

FM = A®/(1 — Reflectivity) (25)

is affected by the design parameters.

In order to make things definite we assume that the dielectric siack is made up of layers of SiQ,
with a real index of refraction n(SiQ;) = 1.457 and ZnS with n(ZnS) = 2.355. We ignore the small
changes in n(8i0,) and n(ZnS) between A = 0.63 um and 1.15 um, since the resuits are rather insen-
sitive to these changes, especially if the layers have fixed phase thicknesses as is true for much of the
MLD stack. We also take 8, = 30° and use the values of »n, & Q;, and Q, in Table VIII for the

magnetic layer under study. We now discuss the above cases in some detail.
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Table VIII. Parameters of Magnetic Materials Used in
Multilayer Mirror Calculations

Material | A (um) | n k o} 0, Ref.
P —— )
Fe 1.15 371 51 0.053 | -0.036 | 17

MnBi 0.63 2.7 3.0 | —0.089 | 0.073 15

MG3 0.63 2.2 | 0.005 | 0.0038 | 0.0(?) 16

MG 3 = (Gd.Pr.Bi); (Fe.Ga)s Oy, with #¢ = 25200 deg/cm and a = 4w k/A
estimated to be 1000 cm™".

A. MLD stack on top of an opaque magnetic ilm

The general form we take for this mirror is n(L — H) — M where L is a low index and H, a high

index dielectric and M is the opaque magnetic substrate. All the layers except that adjacent to M are
taken to have a phase thickness ¢; = (2mnd, cos 8,/A) = =/2 in order to maximize the MLD
reflectivity for the given 0. We have examined cases with an odd number of dielectric layers and
the results are qualitatively similar to those shown here. In this design, as the reflectivity is improved
by adding more layers, less and less light reaches the magnetic layer so that the differential phase shift

A® of the total structure is decreased.

Transverse case — Note that AP depends on (a) the relative amplitudes of the electric vector for
the total light reflected from the mirror and that part of the electric vector of the light reflected from
the magnetic layer which reverses when the magnetization (and hence Q) reverses and b) the relative
phase between these two vectors. This point has been discussed before [Report No. 2, Chap. III, Sect.

Al {2}

Macek [10] pointed out how one can tune the relative phase by adjusting the thickness of the
dielectric "tuning" layer next to the magnetic layer. (We recall that only a p-polarized beam has an
M~—0 effect for the trangverse case so all results refer to the counterpropagating p-polarized beams.) To
illustrate this effect we assume that the mirror is 6(L — H) — Fe with the 1.15 um Fe parameters in
Table VIII.

21



i
l
'
f

KREBS AND MAISCH

The dependence of Ad, the p reflectivity R, and AR on the tuning layer thickness d,._, is shown
in Figs. 3-5. (The notation /1K on a scale means the actual unit is 10~? times that shown, for /ES5 it is
1073 times, etc.) Note that there is a "resonant” behavior in all these quantities when dy-1 = 0.10 um.
Near this dy,—, value the first few dielectric layers adjacent to the magnetic layer act like an impedance
transformer to couple the light efficiently into the lossy magnetic film. This means that the non-Q
dependent electric vector of the multiply-reflected beam from the magnetic layer adds out of phase with
that from the adjacent layers giving rise to the dip in R. The (-dependent electric vector of the
mﬁltfpl}-}cﬂected magnetic-layer beam has a different phase associated with it and hence gives rise to
the enhancement and rapid variation of A® and AR for dy,_, near 0.1 um. Note that A® is maximized
at nearly the same d,,_, value for which AR is zero as anticipated by the simple analysis [Report No. 2,
pp. 9-11] [2] which neglects multiple reflection effects. The variation of the figure of merit with dy,..

is shown in Fig. 6.

By examining such results for mirrors with different numbers of layers in the MLD stack one can
find how (A®),,, varies with the corresponding total mirror loss (1 — R). The results are shown in
Fig. 7 where (A®) ., is clearly proportional to the mirror loss. Thus (A®),,,/ {1 — R) is a constant for
a given magnetic material (and 6, n;, ny), independent of the details of the MLD design and hence
serves as a useful figure of merit to characterize the magneto-optical materials used as opaque sub-

strates. This type of analysis was used in Fig. 9 of Report No. 2 {2].

Polar case — The same type of calculations presented for the transverse case were repeated for
the polar casc using the same mirror. In addition, the mode mixing e [see Eq. (19a)] was calculated.
Remember that in the polar case A® and AR refer to the difference between incoming RCP and LCP
beams. The behavior of R is so similar to Fig. 4 that it is not plotted. The other results are shown in
Figs. 8-11. The qualitative features of A® and AR as a function of the dy_, also resemble the
transverse case. However. we wish to draw attention to the fact that one obtains a much larger

differential phase shift (and AR) in the polar case even for the same magnetic metal, (cf.. Figs. 3 and 8
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and Figs. 5 and 9). There is a corresponding increase in FM. The mode mixing €z in Fig. 11 is an
optical (not a magneto-optical) effect. For the case shown here the amplitude of the "wrong" electric

vector is 2.5% that of the correct one at ® -

Finaliy, to illustrate what can be accomplished with an opaque polar Kerr mirror based on MnBi
we show Figs. 12 and 13. Note that because MnBi has its magnetization normal to the plane of the film
(if properly constructed), it is well suited for polar Kerr use. Actually Fe, which was shown in the pre-
vious example, is nor suitable for use in the polar mode since the shape anisotropy causes its magnetiza-

tion to lie in the plane of the film.

B. “Transparent” magnetic film on top of an MLD stack

In this case we take the general form of the mirror to be M — n(L ~ H). Also we take ¢, = =/2

for all the dielectric layers so as to maximize the reflectivity. In contrast to case A, in this design all of

the light impinging on the mirror reaches the magnetic layer. As a result, Ad stays constant as one
adds more layers to the MLD stack. By the designation "transparent,” we mean that ky, << my for
the magnetic film. In general, there is some optical (oss in this film and, especially at 0.63 um, this

may be the limiting factor in the performance of the mirror.

The idea of using combinations of "transparent” magnetic layers and MLD stacks as biasing ele-
ments in ring laser gyros has been advanced earlier [5,12]. Here we merely show the capabilities of
MOFILM for handing such designs and illustrate some of the general features of their behavior. For
the magnetic layer we take Bi-doped garnet MG3 shown in Table VIII for 0.63 um and, in contrast to
case A, we vary the thickness of this layer to properly phase match the Kerr reflections at its front and
back surfaces. Since it is likely that magnetic garnets will be; grown by liquid phase epitaxy on a sub-
strate of GGG (gadolinium gallium garnet), we assume that the incoming light beam is traveling in a

medium having the real index of refraction of GGG, viz "(GGG) = 1.95.
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Transverse case — To allow easy comparison with case A the mirror stack is taken to be MG3 —
6(L — H). Resuits for A®, R, AR and FM are shown in Figs. 14-17, respectively. In contrast to case
A, these quantities are slowly varying functions of the thickness varied (dy, in this case}). The
differential phase shift for p-polarized light is maximized when the effective optical thickness is nearly
A/4. The slow decrease in R with increasing d, is due to the non-trivial vaiue of & (corresponding to
an optical absorption coefficient « = 1000 cm™!). At A = 1.15 »m, magneto-optic garnets exist with k
small enough to be negligible. The differential reflectivity AR is very small for the case shown here
with @, = 0. If one allows Q, to be of the same order of magnitude as Q;, then AR increases by a
large amount (see Fig. 18). In fact, to a good approximation for magnetic materials with k << n, we

find Ad is proportional to Q, while AR is proportional to ;. Furthermore, AR peaks at the same

value of dy, as does Ad if Q, is significant.

Although we plot FM vs dy in Fig. 17, we wish to emphasize that A®/(1 — R) is not such a good
figure of merit in the case where one has a "transparent” magnetic overlayer on a MLD stack. Since
Ad® remains constant when more layers are added to the MLD while the reflectivity increases,
A®/(1 — R) is a function of the number of layers. Nevertheless, one sees that the phase shift per unit
loss is much larger for the garnet mirror shown here than for the Fe-based mirror in case A. (If we
were to compare both mirrors at 0.63 um, the difference would be even more marked.) If k is large
enough (as it is at 0.63 wm), then A®/(1 — R) = FM does acquire a limiting value *hen more bilayers

are added to the stack and its usefulness as a true figure of merit is restored.

Polar case — The results of calculations for a similar 0.63 um mirror operating in the polar mode
are given in Figs. 19-21. Again all the calculated quantities are slowly varying functions of dy. Perhaps
the most surprising result is the fact that, in contrast to case A, (A®),, is about the same size for both
the polar and transverse Kerr effects (cf., Figs. 14 and 19). We point out that in the polar and longitu-

dinal Kerr modes MOFILM takes into account the Faraday rotation in the magnetic film.
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C. Very thin absorbing magnetic film on an MLD stack

This case is an extension of case B to the region where k is comparable to n. This allows one to
investigate the effect of Faraday rotation and the Kerr reflection from the back surface of a metallic
magnetic film. The mirror structure is Fe — 6(L — H) and the thickness of the magnetic layer is var-
ried. The results for this case are given for a transverse mirror in Figs. 22-25. This is merely illustra-

tive of what can be accomplished with very thin magnetic films.
D. Comparisons and comments on the preceeding cases

A typical 40 cm perimeter ring laser gyro requires a bias frequency of 50 kHz or more to prevent
lock-in and obtain a constant scale factor. This implies that the differential phase shift between the
similar counterpropagating beams must be > 0.4 mrad (0.023 deg). Typically one requires optical
losses € 5% at 1.15 um and € 1-2% at 0.63 um. The required characteristics of a magnetic-dielectric

mirror structure for RLG use are thus:

1) A® > 0.4 mrad

8 mrad 1.15 pm
2) FM > 20—40 mrad 0.63 um

3) No insuperable manufacturing problems.

Figure of merit values for a number of mirror designs operating in either the transverse or the polar
mode at both 0.63 um and 1.15 um are given in Table IX. This table is taken from the recent review

(3] of applications of magneto-optics in ring laser gyroscopes.

As yet no magnetic alloy suitable for use in a transverse Kerr M—O mirror has been found whose
magneto-optical performance significantly exceeds that of pul"e Fe [3,13]. Table IX indicates that such
a Fe-based mirror is barely adequate at 1.15 um while it would not satisfy requirement 2) at 0.63 um.
On the other hand, MnBi operating in a polar mode easily meets these requirements at 0.63 um.

Although we do not have index and magneto-optical coefficient data on MnBi at 1.15 um, it is likely to
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Table IX. Magneto-optical Figure of Merit for Magnetic

Metal and Garnet Based Mirrors
Mirror Design | Mode | Ad/(opt. loss) | A (um)
MLD on Fe Trans. 10 1.15
MG4 on MLD | Trans. >400 1.15
MG4 on MLD | Polar >300 1.15
MLD on Fe Trans. 6 0.63
MLD on MnBi | Polar >85 0.63
MG3 on MLD | Trans. 230 0.63
MG3 on MLD | Polar 210 0.63
MG4, (n = 2,19,k = 1 x 107, 9, = 1700 deg/cm) MG3, see
Table VIIL.

work well at that wavelength also. The principal problem with MnBi-based RLG mirrors would seem to
be the manufacture of films which actually meet the calcuiated performance. This is clear from a litera-
ture review of the optical and magneto-optical properties as well as the physical structure of MnBi thin

films {14,15].

One other problem with the metallic-based mirrors is the fact that A® is such a strongly varying
function of dy,_,. To achieve AR = 0 and A® = (Ad),,, means that dy,., must be heid to toilerances
of roughly 50-100 A if one operates in the neighborhood of the "resonance.” One can try to get around
this problem by operating away from the "resonance” with a smaller number of layers in the MLD stack
to increase A®. Such an approach allows Fe at 1.15 um to remain marginally useful but does get

around the thickness tolerance problem for MnBi-based mirrors (see Figs. 19 and 21).

The garnet-based mirrors do not have this problem because of their slow variation of A® with d,,.
Furthermc re, their figure of merit values as indicated in Table IX are more than adequate. Their prin-

cipal difficulties are attaining an adequate A® and the fact that the AR peak occurs at the same dy, for
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which A® is maximized. Although there exist actual garnets (for transverse Kerr mode operation)
which have acceptable A® values, there is little or nothing known about their @, values and the conse-
quent AR’s. For the garnet-based transverse Kerr mirrors of Table 1X the Ad,,,, values are 0.8 and 2.6

mrad at 1.15 and 0.63 um, respectively and hence are adequate.

The above considerations indicate that garnet-based mirrors represent a good approach to mag-
netic biasing for ring laser gyros. However, the good performance of MnBi in the polar Kerr mode at
0.63 um means that it is a viable alternative for constructing such mirrors. For the magnetic garnets it
is desirable to develop materials with the largest Faraday rotation possible at the wavelength of interest
while keeping & and Q, as small as possible. Previous materials characterization work [16] has indi-
cated that variants of yttrium iron gamet (YI/G, Y;FesO,;) which contain significant amounts of Bi and
Pr plus Yb and/or Gd as dopants have achieved the largest Faraday rotations consistent with low k. It is

important to characterize the Q, values of such garnets but no data on this exists to our knowledge.
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APPENDIX

In this Appendix we give the computer listing of program MOFILM as well as those of the sub-
routines MOIN, MODIEL, MOMPL, MOMT, MOOUT and MOPLOT. These routines are supported
by certain matrix routines which are not listed here but whose functions are defined in Chapter III.
Likewis: MOPLOT is supported by a number of subroutines which perform scaling, labelling, tick
mark, etc. functions involved in making the actual plots of the computer calculations. It is anticipated

that local versions of MOPLOT will probably be written to suit local variations in handling plots.

A study of these listings together with their functional descriptions given in Chapter III and the
COMMENTS and TYPE statements imbedded in the listings should give the reader a fairly detailed
understanding of the overall program and permit him to make alternations which may better suit his
own situation. In the final analysis all of the useful optical and magneto-optical information about a
given magnetic-dielectric multilayer structure is contained in the complex components of the scattering
matrix($) and hence any useful parameter describing the behavior of the structure can be obtained
from (S). This includes the transmission and Faraday rotation properties which are not discussed in

detail here but which are given in Table VII.

The various input parameters and the calling parameters for the various subroutines are given in
Chapter IIl. Most of the transfer of information among the subroutines and between the subroutines

and the main program are carried out via COMMON statements.
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”WFPY(DlTrﬁrGUQyO)

TFONNFTL ME, 1
Hl i.

MODLEL ,
CHPRUCS» 0L s8I drde0rQrdd
CALL CHCEY (50584470

[FCNOT, (NFILLER: 4, AND L NNFIL

160 TO 4

CALL CHMOFY (8D DT 4, 4000

MNF T
4 CONTINUE
3 TF Y MeNE )
§ CHECK FOFR

GOTO 102
AT EOM

i 0l e LOL

Ara(3ME COLAYER FOR
AR M NL T » e 1 o 114

FOLAR 08 L CRGE T U s

31
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KREBS AND MAISCH

call, CHPRO(SO«NL vy S dedsDaea)
Dol CMECFY(SeSFedra.0)

IF o ooM=NFY JEQ. 1) GO 10 102
CAablL MOMPLOMoNLTF oM+t o D{M+10)
CAall, CHFROCEF DL 5049450509 4)
TE ComMOT, ONF BT MY )Y GO TO 102
IFOMNFIL.ONE2Y G0 TO 105

CAlLl CMOFY(Sr8Fededs Q)

Calll, CMFRIOCSFYDETeSrds 3009054
GO T 102

CALL CMUPY(SeGF e gy

Cat.l, CHECLA(S-RIv9ra,0)

Call. CRCLACDLRI»dede)

CAall CUOCLA(SsR29440)

o) A0 JF=M+2 )+

DIF=00CJF )

CALCULATE BACK STACK

Call MODIEL CUFDUF )

Call, CMPRINS e D1 e S0sdedrdrdnd)

Cal.l. CMCPY(SDySrdrded)

CONTINUE

Calll. CMPRU(SF 80,8240 4000004
FFOGNOTONFTL L EQ 4, Al NNFILLEQ. QXY G0 TH 102

CaLl CHCPY(SDD2T 423,500

NEF L =R

QUTEFUT FOR FOLAR AND LONGITUDINAL FOLARIZATIONS
Ced L MOGUT 2 TND

SOTOO 10

Lk

CalCULATE MAGNETIC LAYER FOR TRANSUERSE FOLARIZATION
Dol MOMT(MeM-1»0M)

LAkl CMPRDISHs DL v 8220300000 d)

CALL CMCPY (SesSFedrd s (02

TF ((M=NFY JEQs. 1) GO TO 302

ol MOMTOMsimM+L o D(MFL 2

UALL CHFROD(SF 20128 sdodrDededd

IF . NOT.INF 6T, M) G0 T 302

CAill. CMCPY(SDeSF A 3400

TEONNFIL . NELZY GO TO 110

Dl CMERY (S8l dede )y

Calll, CMPRDEDD2TrSrdsd00000 42

) TO 46

CAl.l CMCFY(SeD2Trdeds ()

CAal.l, CECLACS-RisdedrD)

CAall, CSCLAOLIsRIsdedn)

OOl CRCLACER2r 000

B0 A% IRt NF L

DR =000 JF

CAlOULATE BACK STACK FOR TRANSUVERSE FOLSRIZATION
Sl PODTELCIEy DR

Gl DARRDIS e il e Sled s G e Dok

Al THCPYCSDaSedrdnn)

32
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2 LN T TNUE

Lo}

DALl CMPROCDZT »SUsSrdsdr0eded
AEFCOMAT ONFELEQ A ANDLNNFLL L ER. Q) GO TO 46
CAaLl. CMUPY(SDD2Ts4e4,0)

NNF T =2

Call. CMCPY (SF SN2 4.0)

QUTEUT FOR TRANSVERSE FOLARIZATION
Call. MODUT (3. IN)

PFCOINGER.LY GO TO 309

CONTLMUE

DOl y=TiMl

FMNTH LT, 0 G0 TO 2

LFINQUT LEQ. 1) B0 To 21

FLOT FOR UVARITIABLE D

CALL MOPLOTONLTFyMTHy Lol il e DEL MDD
ALl CLEAR

THE TA=THETA+IITH

TFOOMHTH SGT. 00 GO TO 52

TFONQUT JEQ. 1Y G0 TO 51

FLOT FOR VARTARLE THETA

CALl MOPLOVCMNLTF o NTHe 220 0THO )
ALl CLEAR

WE INPUTY
G0 T0 1E0
ST0E
M

SURRDUTINE MOINMONN)D
THIS BUBROUTINE ACCERTS INPUT
COMPLEX QsiM
BYTE vl
REAL LAMBDASN
REAL¥D3 DUENT5)
CTRMENSTION NCEO D30 DT 032 o TOED)
COMMON AOTALAMBOAN N e 0 MMATDATIOENT » DT » JPLOT
COMMOMN STNOUTONF O o MO0 O et THe DTHO » THE TAT e MTH » DEL M.
TMOUT o NLTE
[HONNLER LY G0 TO 18
REEMTER DaTa®™ OR IUST CHAMGE QUTRUTT
CALL. LLEAR
TYRE *o 7 oAbl THMPUT. EXCERT FOR -ALFHANUMERIDC I8 ACCERTED
gY OLIET OIRECTED STATEMENTSS
T} ZNTER AUN T D TYPE Y IF NOTe (DRYS
(RICE I T
AT LAL D
SMED T T LES
Kot TYRE SUN TDENTIFIOATION CUFP TO 33 CHARACTERSY -
AUTEE T A DN

33
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oS J=1-14

KREBS AND MAISCH

ENRMAT (S8 )
THE NUMEER OF LAYERS (NF) IN THE GENERAL CONFIGURATION’
I8 ARRANGED AS FOLLOWS'
AMBIENT (1) 7
; DIELECTRIC LAYERS'
‘ MAGNETIC LAYERS’
: DIELECTRIC LAYERS’

YRE AMBIENT (NF 3 7
BE ke DME QR MORE OF THESE MaY BE OMITTED: EXCEPT THAT
- Ke Y THE TERMIMNATING LAYERS MUST BE AMRIENT, I,E.». OFAQUE-

¥ © OR TRANSPARENT (NO LTGHT SCATTERED RACK INTO SYSTEMI.”
¥ 7 NF o= NO. OF FILMS (NF = O T0O ESCAFEY
¥o0 oM o= MAGNETIC FILM MUMBER (M = O IF NO MAGNETIC FILM)-
2K LAaMBDA = WAVELENGTH (MICROMS)
Foke MM o= COMPLEX REFRACTIVE INDEX OF MAGNETIC LAYER-
‘B’ Q= COMPLEX M~0 COEFFICTENTS

X« TYPE NF: M LAMBIOAs (N2KYy QL0207
MF e MG LAMBIA » MM 1
4 0. RETURN
oy NOLY o= ITH REFRACTIVE INDEX (MOT ITH LAYER)”
¥r 7 NN = NO. OF LAYERS HAVING THaT INDEX
¥y I{1)s.:T(NNY = LATERS HaVING THAT INDEX

TOMMY -’

e ® TYPE MNeN(IY»T(L1ds...
YFE %7 (TO ESCAFE LOQP«TYFE /CCRM Y

MNOMQ 3 =REAL CNMD

ACCERFTX s T REF 2 (L0 s It » 10D ¢
TFOTELER,GY GO TO 11

NOT (D) ) =REF
IJ=0
GO TO 12
CONT TNUE
IFONNLERLOY GO TD 10
TYFE %+ IF YOU WISH TO KEEF FRESENT VALUES OF THICKNESSES
TYFE %»7 TYPE ¥~
ACCEFT 152»valL
[FefalLEQ, 7Y/ ) GO TO 20
AL CLEAFR
©y 0 THE PHASE THICKNESS OF A LAYER IS DEFINED A8
fer DOCED = LAMEDASNCTYKOOSE THETACL Y -
Co OTHETACDY I8 THE FROFAGATION DIRECTIONY
k-0 THE THICKMESS OF EACH LATEFR IS CALCULATED A4S Do .. 4 .
Ks IF YOU WISH T CHANGE THE D7 & T(FE ¢
ke (MO OENTRY REQUIRED FOR UARTAELE LAYER AT THIS Tims.

DTN EHASE THIODKMESSES

NEOITH LAYER M TIRONS

G5 HAUIMG THEAT THICANESS

: Tolve. DOiMDe = LATERS HAtING THAT THLCKME 58
CEE ke TYFE NI00 [ e Doiie, L DonDe CR o TR ERCH T

D (O W I N | S

34
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CU R NDT REQUIRED FOR AmMRIEMNT
- (T ESUARE LOOF TYRE AOCDR) S
CUERFT e DO DTEMP» (104 e g=l o T

oD Q.00 G0 T an

el

(L =0T EME

MY By s

i ENTERED I'nt MICROMNS

Gty Ty 33

ALl CLEAR

YRR KT O NTH = MO OF VALUES OF O THETS S
ViRFE e THETS = INITIAL YallUg OF ANGLE
CoKe T DTH = [NCREMENTAL UALUES

Fp o MTH o= NO. OF USLUES DOF L LAYER
¥ TYFE NTHs THETAOTHe L eMTH
e THETHD » OTHG 2 02 MTH

L

DL o= IMITIAL THI
Ol = FIMAL THITKNE
b X NIMC

oF L

FYFE ¥ :
TYFRE e TYFE NIMOGLODLL-
: P e NINC » GLO» 0L
MOUT = 1 FOR PEINTED QUTELLT
2 FOR FHIC QUTEUY-
FOR gOTHS
DD G0 TO BEGIMNING OF
MLTF = -1 FOR LOMGITUDINAL €
OOFDOR O TRANSUERGE CASE
1 FOR POLAR
APLOT = 1 YD SURFFREDS
O OTHERWISE S
TYFE NOUT ML TE JFLOT
TYRE O
T e NUUT o NLTF - JFLAT
RS IRS L KT
i CEI AT I A (L IR L B Bl A
VML SR
N =N D
LR

OY G T LEQ

35

TH L A S RN SRS T e

LAYER L I8 USUALLY VARIED BY 1~
NESS OF L

O FOE DGy DL DN PHAasE THICRNES
b 1 " " y fMILG

CHR Wi Dol B LAYERSE Y

OF T TOENCE

¥e® L=LAYER TO BE UARIED IM THIOKMESS M+l Mr OR M-10°

THICKNESSES?

2 FPHASE THIDKNESSS
CUSLEALLY Q)

MG

TNFUT S

DATE ON GRAFH CaPTION:

COR TR RETURN T BEGINNTNG OF THELUT

R £ et et g -

R e R LT
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KREBS AND MAISCH

SUBRIUTINE MODILEL kK« 0k
DIMENSION DL{aA-4) «NO3CHrOT300
IMPLICIT REAL (N7
REal LAMEDRA
COMPLEX CXFPROFsFPROPNeOL s RLoNMeQCTMe ST
COMMUON Z0L-LAMBOANMQe DT v NMAFPLTFADL v ST w3 TOZ0) s 0T ST M
NC12=N(K=-1)¥CT KDY
NCLL=NIK=1 3 XCT(K~-1 3
CR2ENIRIXCTIK)
=N (RK)KCTON-1)
2.KPTOYRIORKN(RYKCTOR Y ALAMBIN
FROF=CEXFCX)
FROEN=CEXF { ~©X)
RFF=(NC2L~NC12) /7 (NC21T+NTCL2D
REG=(NCLILI-~-NER2) ZAINCLLIHNCE2)
TEP=NOK~-1 0¥ (L o +RFPFY ANIKD
TE8=1.+RE5
RiLa(Cow(,}
Call CSCLACOL RIededed)
Hldle1dm= QF/TFR
DL 3) =FROFNKRFF TR
VL2 2 =FROPATSS
D12y M) =PROPNERES
DL CEs LY =PROFXREF
D13 3)=FRAOFNSTRF
D14 2)=FROFEKRES/TES
D1CA,d)=FROPNATSS
RETURN

EMp

SURROUTTNE MOMFL Mo MPL MO 1)
THIS SUBRDUTINE CALCULATE SCATTERING MATRICES FOR FOLAK
LONGTTUDINAL FOLARTIATIONS

LATER MD 18 BEFORE OR AFTER THE MAGNETIC LAYER [FM CR
RESFECTTVELY

TEMENETOM CT (301 N300 s 8TVI0)

LAEL EOIT BOMPLEX (FR- T

r—\ﬂ‘:‘Ux\ ey T
NI a"i 1 L s NCME22 e NCHL2 s NEM2 L e Mo DTMeEMLC e Yo 12Xy ST My

AL e QT T e DTN T

NM K S
CERD D H,'i E SV RIL RO YNNI § AR IR T S RE T

EEMOL LT LMY B LT R T kN T Ak B
G ad Qe L, P KEHT

36
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?
’ S 'Kl\li"i*l'\’.-‘kl'.'l(..lﬂ (o) SoamBR
i ’l"’(l
L0
R ' L = ONCMOL-NOMLZ )/ (NCM2 T +ANEHL2 )
) CONOM L L —-NEM CONCHLLENCM22
" FOMDY XL R (KLY YA
. HREBH KL
REFORLD
Pym=-RES K L)
2raNME ] s -RFPORLY ) ANCMTD
2], ~RSES (KL}
. :"':(\'@!"(:'-:')
l‘- LNI l e L -1) GO TO 1
{ TFLCT MDYy JEQ. Q. GO TD 2
REPORL =000y 20YKAKTEFORIIXNTESE R 2 rNMACET MU e O 3
110 TIJ
1 s
' ':.I.O‘k‘:TI"l'lJTN
..I"H"HI\.\H‘ Sy GO TO 2
\ YRR TFRF (KL IXTSSIRKIIRETOMD ) AT MDDk T
2 QIR '—-l\'Fl KRGF IR
TEFORL =RGF (R
TRPSONL Y= (NOMITY ANM Y K] [v*\'l' L*\ 2 ‘HL‘P'HKL TOMOYVY ATERFIORL Y P RFPSORLD
! FAURE TRF{K2IXTFS K
b ] ’ TESIK2IKTERF (KL Y ~RE5 LK
d amRFROR2 ) XKD
v B8] ~REG K2 ¥¥2
ci U' Llﬂ]""l“ﬁ 20920025
N
f RC F"Cl .
; GOOTO EO
14 v - L
{
4
‘. [}
.l
‘: : Yy i
i , ;
¥ . %-
. .
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KREBS AND MAISCH
Eil l peb ) (ROCSETORACTREC2IRTEE (20 0 REF 2V KFST /TR O ) kEREN
N AN ::~-I~HI~”K|-5T T >< 2
il ¢ \,,a\*H\I NNHI» A H~l~ ( ”*T%"" 2
EML O3y 0P RFKRFPCI) RIS AL
TOF=--(RESKTRFSC2I+TES (2
FN!'c"i\“thN‘TUF’fTFFI 3
iLiads Ll i=-PREKRSE (] >\yp3|
P TRE (2 P KRS T~TSP
EMl (a3 :MIFFNKTHIfATFIfﬁ-kT"%‘“*P
GOT 45
EMLCL w2y m=NPLEPREXT AL
EMLOL ) m=NEKFRFNKRES (2
1 ) s~ NE KFRFKT AL
e NE K RENKRE R
r x"“ (3 “-—NH *FRE kh‘-*«' 1y/¢ IlH
NFLKFRFNERFS Ot %R
SIS I S = H\'.'Er CLo "ik" F
"r\'t-LHH—r\'H-M" 21 ¥R N

SUBROUTINE MOMT My MO0

THIS SUBROUTINE CaLCULATES SCATTERTIMNG mMaTRIDES
FOLakl TION

Leii TON CTOI0) N3O «BT(3M

IMFLICTT COMPLEX (FefRoT2

DIMENSTION RPFO230RBG2) > TRFEC23 s TEE D

" LaMalasNF1

PLEX PRI o NCMIL s NOM22 o NCMLI2 o NUM2L o NMoeUTHMoEML 03 A2 v CX e BRASTH.Q
COMMON DL ALAMEBDN e Ne Qo TUMCE0 3y o MMAPLTFAEML e CT e BT 2 TTMe 8ETM
NEME2=NIMI)Y XKCTM

MNOMDDY KCT oM

MNMXC T M

NMKD T OMIND

s KBk ""I’KN ( i"i[l SRCTOMD L AnE l"h'

TFOMO LT oMy FPHI=2 X FT O bDEsm 0T LAamMe w

ISR A I YF MI

SEXFOCK

“Efﬁ'*i“ (—(X

'l" CMD. G M) ,~-~»‘~(:J

BRa=1. +' CL el P KRKETMATTHM

SEOUAN-Ey e Se L0

FINR TRANGUERSE

ML T OB - MO L S OO R BR A AN C LD

38
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RESORL = (NOMLL=NCH22) /A ONCHLLIHNCM22 )

TEF (KLY =NOMID ¥ (L, +FRFFORL Y 2 NM

TSS(KLY=1  +REB (K1)

FEF (KDY = (RRAKNCML2-NOM21 3/ (NCH2LANCMLEY (2. 50, ) =BRAT)D
RS (K2 Y=~-RES (K1)

THRFOR2)=NMX (L HRFFOR2) D /N MDD

TSS{K2)=1,-RES (K1)

Rl=(d,»0,2

CALL CHCLATEML Rly4y4v07

FMLCLledd X
Elcl N*hF"?},YlFtJJ
EMle *ATHES
- (2o A)=FRFNKRSS(2)/TEG DD
Eil ¢y L Y=—FREXRFP (L) ATRFODD
EML(3¢3)=PRFN/TEF(2)
FEML(ae2)=PREXRES (2 TSE02D
EMlid4s 42 =PRENATSS )

RETLRN

ENT

SUBROQUTINE MOOUT CNENT » TN
BROUTINE CALCULATES DESTIRED QUANTITIES FROM SCATTERING
) ALED CONTROLS FRINT-OUT.
IMFLICTT COMPLEZ (R?

HUNIIIK SArA) oMM Z o DLT (A2 ) Y
g nm&nn N'*U\ hF Fgr““““Eth

) s GF{A, ) pSD(424) 507
e REFFMZ s NML e NM2

l e

0"%7\)”‘71rka”\.“T(3)?HHﬁY(13)?HH(4)
INCREFCIQLY DRPSCLOLY REFCIQLY b RESCLOL Y e RRLFEVIOL ) »
LHFH[F’IUL-«I SULOL v DREFLOLQLY o RFFT20LOL » DFHITOLOL Y » DELRFCLOL )
,EFFFllQlJ?;|PN‘10[‘
Oata FXSLONG T TRANSY, 7 7 POLART S
ﬂHTﬁ DRAY 700 2 63Y 07y TMUY 7 TTM- 0 LY (e TMUY
LOTHET "0 78y (H Fh‘ e PREME T Ty e TMU S
CrmmOn S0, ﬂMHr\anH-UvMM'!'TF llUﬁll'd‘ FT ST »CTMeETM
Cidemi ) Ti 'IM“uNUUT-N!TP

[RENNESY
2 W RERTICL

at H’L"'rU‘WIT'lil-

ATy 0L e 2.3 NENMT

EReDelT DNPUT DaTa

CQET s

S A YIMAG I

ST RN LT

IR
[ K]
RULRS Cadl MM
g

oy sl e AT H= Lk DEL D
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TECOT)

. DY e DOENT
FORMAT (S S77 DATES T 204y al /1 Xy SAB/ /)

FRINT 3Q THETAU LAMEBLA

FRINT 3%

ml o & A=1eNFQ

ITFCHERQVL L AND Lo NEL MY PRINT 40« e NCI o D0 » DLMAX
IF{LEQeMoANT L JoNEL LY FRINT 45 o NMLynM2s D¢ 1
EFOLER.MAND . JLEQRL LY FRINT S50 JeNML»NM2s 00U »ILMAXQ
TF O NE L ANTL U ME MY PRINT S8 Sy MO TG

COLCULATE FRINTOUT VaRIaRLES
MM TH-NTH

NXLQ
TFiM. BT
FF oM LT L
TEFOL EQ. L3
MO+ SN T

Y SENEOT

LA XD

)

ETURN TF O OOMLY GRAFHICS REQUESTED
FONQUT JEQL2Y RETURN

TFiim=-nNF) JEQ. 20 60 TD 8

TEONL TR JEQ. Q)Y GO T A

FRINT P00 (ORAYC Yy J=NXDTyNXDITE)
FRINT LIGO

FETHRM

FRIMT 2000« (ORAY )Y s J=mXOT o NXDT 2
RETURN

ST ENUIE

ESTURCIR ST 0

N X
WA

LUMG LTI Preng o w0 e
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0L EK R M=RIM )

R D HEKRIMER2M)
] U T 2
LN

FHRLF~ZTRR2EM)
SEXCRLMEZTRR2P
L EK(RIM-ZTXREF)
SX(RIF+ZTXRR2M)
(DARS (RRL Y YRK2
= ARG CRLR Y Y2
P”-J)w(0¢5$CABS(R1M))*mQ
YR RIRRLY-F2RLRD
'“'J'”LHBH\hhh RLRD
FLOD) = RLR2-RRL2)Y /RRLE2CD
TFONQUT JEQ. 2)Y RETURN
FRINT 1200 DUINXDY s RFFPCD P RPS O o RES DY REF (D
FRINT 1300 RRLEF2CD DPHIFCD BRSO s DREFL O
RETURN
DOMTINUE
CALCULATE QUTFUT FOR TRANSVERSE FOLARIZATION
3'4v4\kwf1 Fr=-G{ Ll NG Ay 3D
TEE (RS (I AV KG (A 3D
LF f(r1-Mr J»ll!§l Y Q=i
TEooIN LEQs 1Y GO T 303
Jr\!\“" ’l\f 4+ 1

Pys=RNSRD

RE T'l.H\N
RFENG J)=RNARD
LUNTTNUF

\}ﬁB%(R'PN(J)))**B
SOGRKIRFEP2ARERNGD D
"A-RFEN2Y/RFFT240)
DFEHIT FRCIIDI=FRORFPNOLY)D
[EOMOIIT JEQ. 2) RETURN

SEENT 2100 DOONXDNDY s RFPFFP O P RPENCIY dREFT20 DY OFHITOLY » DELSE
VETLIRN

SHeMA T 7 THETA = e F@. 3 DEG, 77 LAMBIN = 7o F8,Jv 0 7RO
‘thnTtﬁY"'LﬁYER NO W s 3X s "TREFRACTIVE INDEX 2 11Xe "THITKN )

A S

IO IXeF& 3o 11Xy TOMIN &= 2w F7, 303Xy “IMAX = “F7 .40
.HvKXv’u B CaFSEe RN K m T e F&, T e L3XAFT A LaXe ] =

REFT
UFLFF'M‘

RIORMAT O T2y 3o CM m CaF&LTe 2Ny K o e A T eIy TUMIN = e FT Ay
OMAaX = T F T de 3X e

PR LI X e 321Ky
Al 0IXe RFEC .

PE O TRl REFLL T LEXe

RES v 28X REF

41




KREBS AND MAISCH

TIEFSILONS s 20Ky “DELTA REFL (LY 7))
2000 FORMAT (/71X 304 9Ky "RPPF 24X "RFFN v 16X e “F REFL 7 »
Tax "DELTA PHIGRAD)Y “»2X "DELTH REFL7 /)
FORMATCLX o F7 522Xy dC2E13.5:.2X0 0
FORMAT (20X (EL3, 5 LEX 0
FORMAT CLX o FZ 802X 202E13. 8 2X 0 )3 IEL2. 592X 0

ENT

SUBROUTINE MOPLOT CNs M WGy e OEL XD
i THIS SURRDQUTINE CONTROLS THE GRaFHICS OQUTERUT
C ASSUMES MAXIMUM OF 100 INCREMENTS OF UaRIABLE LaYER
OIMENSTON RRERLFP2CLO1LY SOFHIPCLIOL o EFSRPCLOL) «OREFL 201
LoDT(I)pNY(RYyRRCAQD) v CAFL LB Y o XRAY (9D
REAL X8 TDENT(H) e YRAYILE)
COMMON /ARRFLT/RRLF2 - OFHIF o ERFSREOREFL « XMINATDAYHENT 0T - JFLAOT
EQUIVALENCE (RROL)YeRRLFZ2CL2 Do (CAPL (L Yo TTENT (L2
DATA XRAY SO (M="e 713 €79 MUY 2 "0EMA » T3Y (70 "MUY » "THET 278 (D17
Ly f8GY 7
DATS YRAY/Z7PIREFL s 7 "DELTA FM s " T=RAD~"« "DELTA RE" « "FL 7
1/FIGURE Q7 "F MERIT y/RIL REFL 2 v "DELTH FH e " I-RALD~-"+
SYEFSTLON  » "7 "OELTA RE s “FL »"FIGURE 007»F MERIT .~ .
DATA NY76rldr 1018y BeldeZs 1018/
IF{N SEQ. =13 N=1|
KMAX =1 Q0K {DELXK(M=-1)+XMIN) ,
GD TO (5«10 NO
% NXP2={ XMAX=-XMIN /10,
[ SCLREND IS LOUAL RODUTINE FOR ROUNDTNG OFF NUMBERS
N MAY RE OMITTED
ODXF2=SCLRANDIDXF2)
KMAX=XMIN+S L0, X OX[F2
GO Ta 15
PR OAMAX-XMINY 9,
CLARNDCOXED )
X=X MIN+S  fx s
SMAX =
IF(N JEQ, Q) IMAK=4 i
DX e, S ix 3
J=1 e I
NEM N ROE L pe Y]
KX =aNQ+ I X -5
TidIMe=d J=d k101
IF CJEQ.UMaX)y Imn=n

15

SE, Y MMA N M|
PR T diax )y GO T 4%
A0 TEl e max

i BB T mRR LA SO =R D)
L TN TN
A5 Tm e A
A —_— 9
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TECLEQ s mMax s 30 T 35

IMINT=[MINST

FREVENTE SPIKES DalBED BY IMPRECISION IN R&TIOE OF DIFFEREMCES

lkkABH\F‘fiM’N[‘~ ROIMINI=-L2 267 (1O KCaBSRROIMINTI+L ) ~RRECIMINI-1)

1223 RERCOIMINI p=Q SR (RROCIMINTHLYSRMCTMINT -1

YMIM=AMIML CYMINSRROIMINGD ) D

YMAX=AMAXL (YMAXyRROIMINEL Y )

SIZE IS LOCAL ROUTINE FOR CHOOSING SCHLES
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FIGURE CAPTIONS
Figure 1 — A general magnetic-dielectric mulitilayer thin film structure.
Figure 2 — Simplified flow diagram for program MOFILM.

Figure 3 — Differential phase shift vs tuning layer thickness dy,_, for the Fe-based mirror design

shown.

Figure 4 — Total reflectivity vs dy,, for the Fe-based design shown.

Figure 5 — Differential reflectivity vs dy,-; for the Fe-based design shown.
Figure 6 — Figure of merit A®/(1—R) vs dy-, for the Fe-based design shown.

Figure 7 — Maximum phase shift vs optical loss for several Fe-based, transverse Kerr magnetic mirrors

at 0.63um.

Figure 8 — Differential phase shift vs dy,., for the Fe-based design shown.
Figure 9 — Differential reflectivity vs dy,_, for the Fe-based design shown.
Figure 10 — Figure of merit vs d,_, for the Fe-based design shown.

Figure 11 — Mode mixing vs dy,_, for the Fe-based design shown.

Figure 12 — Differential phase shift vs dj,_, for the MnBi-based design shown.
Figure 13 — Figure of merit vs dy,_, for the MnBi-based design shown.

Figure 14 — Differential phase shift vs the magnetic layer thickness dy, for the garnet-based design

shown.
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Figure 15 — Total reflectivity vs dj, for the garnet-based design shown.

Figure 16 — DifTerential reflectivity vs d, for the garnet-based design shown (Q, = 0).
Figure 17 — Figure of merit vs dy, for the garnet-based design shown.

Figure 18 — Differential reflectivity vs d), for the garnet-based design shown (Q, = Q,). l
Figure 19 — Differential phase shift vs dj, for the garnet-based design shown.
Figure 20 — Differential reflectivity vs d,, for the garnet-based design shown.
Figure 21 — Figure of merit vs dy, for the garnet-based design shown.

Figure 22 — Differential phase shift vs dy, for the Fe-based design shown.

Figure 23 — Reflectivity vs dy, for the Fe-based design shown.

Figure 24 — Differential reflectivity for the Fe-based design shown.

Figure 25 — Figure of merit vs dy, for the Fe-based design shown.
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